Introduction
============

Most of what we experience everyday is quickly forgotten, if it is even encoded in the first place. Yet the human brain is remarkably effective at learning about things that matter. Our memory systems rely on a variety of signals to distinguish things that matter from things that do not, such as the probability of encountering information again given the pattern of previous exposure to that information (Anderson and Schooler, [@B2]; Kornell et al., [@B25]) or levels of arousal during learning (Mather and Sutherland, [@B33]). Recent work has started to examine whether receiving or anticipating a reward is another factor that modulates memory encoding and consolidation processes. Prioritizing memory encoding for information learned around the time of receiving a reward could have utility. For instance, it may be useful to remember what one did or saw just before obtaining a positive outcome in order to replicate the outcome in the future.

Several recent studies with humans suggest that anticipating rewards can enhance memory. For instance, participants who studied lists of items with some items promising high rewards if remembered later had better long-term memory for the high-reward items (Adcock et al., [@B1]; Callan and Schweighofer, [@B8]). Greater activity in the midbrain, nucleus accumbens, and hippocampus during study predicted better memory performance later (Adcock et al., [@B1]). Such findings suggest that activating neural pathways involved in reward processing enhances memory -- but it is also possible that this pattern of brain activity was not the critical factor enhancing memory -- the enhanced memory may have resulted from the more effortful encoding for the items that would get a larger reward when remembered later, at the same time that reward regions activated at the prospect of a potential future reward.

However, other studies suggest that enhanced memory for information learned during reward anticipation can occur even when memory for the information itself is not tied with the future reward. For instance, a couple of studies showed objects as cues; whether the object was living or non-living was the signal indicating whether participants could expect a reward if they executed the upcoming task (indicating whether a target number was larger or smaller than five) fast enough (Wittmann et al., [@B54]; Bialleck et al., [@B6]). Although the object category was relevant to the reward, the specifics of the objects were irrelevant. In both studies, participants remembered the objects that had predicted reward better than those that had not. Activity in the midbrain (specifically, the substantia nigra) and hippocampus during the initial viewing of the rewarding object cues predicted subsequent memory for them, but midbrain activity did not predict memory for neutral object cues (Wittmann et al., [@B54]).

In another study using the same number comparison task (Wittmann et al., [@B52]), memory was tested for pictures whose content was entirely irrelevant to the anticipated rewards. Positive, neutral, or negative pictures were placed behind a fixation point that was green to signal potential reward and yellow to signal no potential reward. Participants remembered positive pictures seen behind the green cues better than positive pictures seen behind the yellow cues, but reward anticipation did not affect incidental memory for negative or neutral pictures. Thus, positive emotional valence seems to interact with the reward system to enhance memory formation further.

One limitation of the previous studies showing enhanced incidental memory on rewarding trials (Wittmann et al., [@B54], [@B53]; Bialleck et al., [@B6]) is that they did not separate the effects of reward anticipation and reward delivery. In those studies, it was not clear whether memory enhancements were due to anticipating rewards or to retroactive enhancement of the initial cues once the reward was received later in the trial.

Another limitation of the studies described above is that they were all conducted with younger adults, leaving open the question of whether older adults show similar or different influences of reward processing on incidental memory encoding. Aging is associated with changes in neural systems and brain regions linked with reward processing (Marschner et al., [@B31]; Backman et al., [@B3]) as well as with changes in memory processes (Hedden and Gabrieli, [@B18]; Luo and Craik, [@B27]; Mather, [@B32]). Thus, one cannot assume that reward anticipation or delivery will affect memory encoding in the same way for older adults as for younger adults.

Although the question of whether there are age differences in how the process of anticipating or receiving a reward influences memory encoding of novel information has not been tackled directly in the literature, there are some related findings. For instance, previous studies have examined whether there are age differences in the ability to learn stimulus--reward contingencies. Such studies reveal that older adults take longer than younger adults to learn which letters or pictures are probabilistically associated with higher point outcomes (Mell et al., [@B34], [@B35]; Eppinger et al., [@B14]; Eppinger and Kray, [@B15]). However, an important point to note is that findings that older adults are worse at learning associations between reward and certain cues may be driven by age-related impairments in associative memory (e.g., Mitchell et al., [@B36]; Naveh-Benjamin et al., [@B38]) rather than by age-related changes in how reward processing modulates memory.

Indeed, there is some evidence that argues against the hypothesis that older adults show poorer stimulus--outcome learning because of decline in reward processing. One piece of evidence is that when reward modulation and stimulus--reward associative learning are measured separately, reward modulation of item learning is as strong among older adults as among younger adults, even when older adults show impaired stimulus--reward associative learning (Eppinger et al., [@B14]). In Eppinger et al.'s study, participants made two-choice decisions between two pictures of objects. Some of the objects were seen repeatedly in a positive learning task, in which feedback was either a gain of 50 cents or a gain of 0 cents. Other objects were seen repeatedly in a negative learning task, in which feedback was either a loss of 50 cents or a loss of 0 cents. Each object always was always associated with the same outcome (a gain, no monetary outcome, or a loss). After completing the learning task, participants were shown the objects from the positive and negative learning tasks intermixed with new objects and asked to identify which objects they had seen before. Although older adults showed impaired stimulus--outcome learning during the learning tasks (they were less likely to choose the objects that predicted better outcomes), both younger and older adults had better item recognition memory for the objects seen in the positive learning condition than those seen in the negative learning condition, and there was no age difference in the size of this advantage.

This finding that the type of reward outcome modulates memory similarly in younger and older adults is consistent with another study in which participants had to try to select the correct symbol--color association on each trial (Weiler et al., [@B51]). Participants slowly learned the correct associations across the trials and performance was better for the two symbols for which correct responses were rewarded with 20 cents than for the two symbols for which correct responses were rewarded with 5 cents. This reward-enhancement in symbol--color associative learning was similar in magnitude for younger and older adults.

Another relevant pattern from previous research is that older adults effectively prioritize their explicit memory to focus on high value information (Castel, [@B9]). For instance, when presented briefly with one word at a time together with the point value that remembering that word would yield, older adults were as likely as younger adults to recall the highest point value words despite having overall lower recall (Castel et al., [@B10]).

In summary, previous research with younger adults indicates that anticipating or receiving rewards can enhance concurrent memory encoding (Wittmann et al., [@B54], [@B53]; Bialleck et al., [@B6]), but these studies did not distinguish clearly between the effects of reward anticipation and delivery. In addition, two studies (Weiler et al., [@B51]; Eppinger et al., [@B14]) provide initial evidence that rewarding outcomes modulate memory for information seen just beforehand to a similar extent in younger and older adults. However, in both studies, the stimuli were each presented many times and learning the information helped to obtain the rewarding outcomes. In the current study, we were interested in whether rewarding outcomes modulate incidental memory encoding of novel information presented just once. In addition, we examined the independent contributions of reward anticipation and outcome.

To investigate these questions, we modified the Monetary Incentive Delay task (Knutson et al., [@B24]). In our version of the task (Figure [1](#F1){ref-type="fig"}), participants saw a cue on each trial that indicated whether they could earn money, avoid losing money, or have no monetary outcome from responding to the upcoming target quickly enough. The target was a novel object on each trial, and after they pressed the key in response to the target, participants received feedback about the outcome. After completing this response time task, participants then completed a surprise recognition memory test for the objects. We examined whether the anticipation or outcome type on each trial affected incidental memory for the target object and whether such effects differed for younger versus older adults. In addition, because previous research suggests that reward anticipation has a larger benefit for memory encoding when the to-be-remembered information is emotionally positive than when it is negative (Wittmann et al., [@B52]), we compared the effects of reward anticipation and outcome on memory for emotionally positive versus negative stimuli.

![**Examples of experiment trials, with a loss-anticipation trial in the first row, gain anticipation in the second row and no anticipated monetary outcome in the third row**. Participants were asked to hit a key as quickly as they could when they saw a picture, then they received feedback about whether they responded quickly enough.](fnins-05-00129-g001){#F1}

Materials and Methods
=====================

Participants
------------

Forty-two younger adults (aged 18--33 years; *M* = 21.6, SD = 3.4, 30 females and 12 males) and 44 older adults (aged 66--92 years; *M* = 74.5, SD = 5.7, 31 females and 13 males) completed the study. Participants were recruited through a list of research volunteers that was obtained via newspaper and online ads, fliers at senior centers and public places, and letters to University of Southern California (USC) alumni. Some younger adult participants were recruited through the USC Psychology participant pool. Participants received monetary compensation or course credit for their time as well as earnings received during the task. Younger adults had completed fewer years of education (*M* = 14.6, SD = 1.62) than the older adults (*M* = 17.34, SD = 3.12), *t*(84) = 4.99, *p* \< 0.001, and also scored lower on the Nelson--Denny vocabulary test (Brown et al., [@B7]; *M* = 16.0, SD = 3.3) than the older adults (*M* = 20.1, SD = 2.6), *t*(84) = 6.3, *p* \< 0.001. Scores on the 20-item Center for Epidemiological Studies Depression Scale (CES-D; Radloff, [@B41]) indicated slightly more symptoms of depression among younger adults (*M* = 14.4, SD = 9.2) than among older adults (*M* = 10.6, SD = 8.5), *t*(84) = 2.01, *p* = 0.048. Mood scores on the Positive and Negative Affect Scale (PANAS; Watson et al., [@B50]) did not differ significantly for negative affect (*M* younger = 13.1, SD = 3.5; *M* older = 12.4, SD = 3.6), but positive affect was lower among younger adults (*M* = 29.5, SD = 7.2) than among older adults (*M* = 33.8, SD = 6.8), *t*(84) = 2.83, *p* = 0.01. On a scale of 1 being "very poor health" and 9 being "excellent health," younger (*M* = 7.5, SD = 0.9) and older adults (*M* = 7.6, SD = 0.9) did not differ significantly. Self ratings of how "your stress level is today on a scale of 1--9" with 1 being very low and 9 very high also did not differ significantly by age group (*M* younger = 4.3, SD = 2.0; *M* older = 4.2, SD = 2.4).

Materials
---------

Ninety-six photo-objects were used for target items and 40 photo-objects as filler new items on the recognition test, selected from photo-objects used in previous studies with older adults (Kensinger et al., [@B23]). Half of the items within each set were mildly positive (e.g., sports car, dessert) and half were mildly negative (police officer handcuffing someone, knife).

Procedure
---------

After giving informed consent, participants completed a practice section in which the response deadline for the task was calibrated so that they could respond quickly enough about two-third of the time. Next, in the actual experiment task, participants played 96 trials in a response speed game. Each trial involved a cue to let participants know whether responding fast enough to a target picture would lead to a gain, loss, or no monetary outcome (Figure [1](#F1){ref-type="fig"}). After the 2-s presentation of the cue, they saw a fixation cross for 2 s plus a random number between 0 and 2.5 s (for a total of 2--4.5 s) and then the target picture of a positive or negative photo-object for 2 s. Their task was to respond to the picture as quickly as they could before a beep indicating the response deadline (which was dynamically calibrated throughout the task based on performance on that type of trial). Regardless of the response deadline, the picture remained visible for the full 2 s. After the picture disappeared, they were shown a fixation cross for 2 s, then feedback about their performance and any gain or loss (e.g., "Miss! −\$0.25") for 2 s. The trial ended with a fixation cross for 2 s.

After the response speed game, participants completed vocabulary, health, and other questionnaires for 10 min. They then were given a pen and paper and 5 min to recall and list descriptions of as many of the target pictures as they could. Next, in a recognition memory test, they were shown each of the photo-objects from the game as well as new photo-objects, in a random order and asked to indicate whether they saw each one during the response speed game or not with a simple yes/no judgment. Finally, they rated each picture for valence on a 1--9 scale (1 = very negative, 9 = very positive) and for arousal on a 1--9 scale (1 = not at all arousing or intense, 9 = very arousing or intense). At the end of the session, participants were paid their winnings in addition to their regular compensation or credit for the study session. Winnings ranged from \$5.25 to \$8.75 (*M* = \$7.44, SD = 0.80) and there was no significant difference in amounts for younger and older adults.

Recall coding
-------------

Two coders labeled each picture description to indicate which picture in the stimuli set it corresponded with, or whether it did not match any of the pictures seen. There was 89% agreement between the two coders on the exact pictures the descriptions matched. If the two coders disagreed, one of the coders reviewed the item and made a final judgment. The criterion for successful recall of a picture was that coders could identify a specific image that fit the participant's description. After coding was complete, for each participant, we linked each recalled item to the parameters of the original trial on which it was seen (i.e., was it a reward, loss, or no anticipation trial; did it have a hit or miss outcome).

Results
=======

Initial analyses revealed that one younger female failed to follow instructions (she called every new item old during the recognition test). Her data were excluded from the analyses below.

Response times
--------------

There were two issues of interest for the response times. The first was whether our adaptive algorithm had equalized the proportion of responses during the MID task that were counted as having been made within the response deadline for each type of trial type. In other words, were younger and older participants equally likely to get positive feedback and was positive-feedback equally likely for each trial type? We confirmed that positive outcomes were equally distributed by analyzing the proportion of responses that yielded a "hit" feedback in a 3 (anticipation: loss, none, gain) × 2 (item valence: negative, positive) × 2 (age group: younger, older) ANOVA. As intended, on average, 67% of responses were made within each respective deadline and there were no significant main effects or interactions, indicating that about the same number of responses were counted as hits for each type of trial for younger and older adults.

The second question for the response times was whether they varied depending on what type of outcome was anticipated. Repeating the above ANOVA with mean MID task response time as the dependent measure revealed a significant effect of age group, *F*(1,83) = 23.94, MSE = 680782, *p* \< 0.001, $\eta_{p}^{2} = 0.22,$ as younger adults responded faster (*M* = 266 ms, SE = 17) than older adults (*M* = 380 ms, SE = 16). In addition, there was a significant interaction of anticipation type and age group, *F*(2, 166) = 4.58, MSE = 3731, *p* = 0.01, $\eta_{p}^{2} = 0.05,$ as younger participants responded slower when there was no potential monetary outcome (*M* = 286 ms, SE = 17) than when there was a potential for loss (*M* = 254 ms, SE = 19) or a potential for gain (*M* = 259 ms, SE = 17), whereas older adults showed little difference between the no-outcome condition (*M* = 376 ms, SE = 16) and the loss (*M* = 380 ms, SE = 18) or gain conditions (*M* = 383 ms, SE = 16). There were no other significant effects.

Recall
------

On average, participants recalled about 10 pictures, with no significant difference between age groups (younger *M* = 10.8, SE = 0.9; older *M* = 10.0, SE = 0.9). We examined how the context in which a particular picture was seen during the MID task affected later memory for it. The two context variables were anticipation type and response outcome from the trial in which that picture was originally seen. A 3 (anticipation: loss, none, gain) × 2 (item valence: negative, positive) × 2 (MID task outcome: hit, miss) × 2 (age group: younger, older) ANOVA with the proportion of previously seen items that were recalled from each category revealed that participants were more likely to recall items from the MID task hit trials (*M* = 0.12, SE = 0.01) than from the response time miss trials (*M* = 0.09, SE = 0.01), *F*(1,83) = 11.21, MSE = 0.01, *p* = 0.001, $\eta_{p}^{2} = 0.12$ [^1^](#fn1){ref-type="fn"}. This enhanced recall for target items from hit trials was seen for both younger and older adults (Figure [2](#F2){ref-type="fig"}). Response outcome also showed a marginally significant interaction with anticipation type, such that the memorial benefit of a rewarding outcome was seen more on trials with anticipated monetary outcomes than on trials with no anticipated monetary outcome (effect shown separately for younger and older adults in Figure [3](#F3){ref-type="fig"}), *F*(2,166) = 2.91, MSE = 0.01, *p* = 0.06, $\eta_{p}^{2} = 0.03.$ There were no other significant effects.

![**Both younger and older adults were more likely to recall pictures that were followed by positive feedback than those followed by negative feedback**.](fnins-05-00129-g002){#F2}

![**Greater recall of pictures followed by positive feedback was seen for feedback associated with monetary outcomes more than for feedback with no monetary outcome**.](fnins-05-00129-g003){#F3}

Recognition memory
------------------

Because our hypotheses focused on comparing how different types of encoding contexts affect later memory for the pictures, we could only include old pictures in our primary analyses (new pictures could not be categorized by encoding context). However, to get an indication of overall memory accuracy, we used a 2 (item valence: negative, positive) × 2 (age group: younger, older) ANOVA with *d*′ recognition accuracy measures as the dependent variable. There was a significant effect of valence, *F*(1,83) = 6.58, MSE = 0.27, *p* \< 0.001, $\eta_{p}^{2} = 0.27,$ with *d*′ higher for positive (*M* = 2.08, SE = 0.08) than for negative (*M* = 1.69, SE = 0.08) pictures. Neither the main effect of age group nor the interaction was significant (both *F* \< 1). In contrast with the lack of age differences in accuracy, repeating the ANOVA using the response bias measure *C* (Macmillan and Creelman, [@B30]) as the dependent variable revealed that older adults were significantly more biased to call pictures old (*M* = 0.39, SE = 0.06) than younger adults were (*M* = 0.65, SE = 0.06), *F*(1,83) = 10.31, MSE = 0.28, *p* = 0.002, $\eta_{p}^{2} = 0.11.$ Overall, participants were more likely to call positive pictures old (*M* = 0.39, SE = 0.04) than to call negative pictures old (*M* = 0.66, SE = 0.05), *F*(1,83) = 46.30, MSE = 0.07, *p* \< 0.001, $\eta_{p}^{2} = 0.36,$ and there was not a significant interaction of age and valence (*F* \< 1)[^2^](#fn2){ref-type="fn"}.

Next, we turned to our main focus comparing the effects of reward anticipation and outcome on incidental memory. We conducted a 3 (anticipation: loss, none, gain) × 2 (item valence: negative, positive) × 2 (MID task outcome: hit, miss) × 2 (age group: younger, older) ANOVA with the proportion of old target pictures correctly identified as old as the dependent measure. Consistent with the age difference in response bias reported above, older adults were more likely to identify the pictures as old (*M* = 0.68, SE = 0.02) than the younger adults were (*M* = 0.60, SE = 0.02), *F*(1,83) = 8.24, MSE = 0.22, *p* = 0.005, $\eta_{p}^{2} = 0.09.$ As in the recall data, there was a large effect of MID task outcome, *F*(1,83) = 24.99, MSE = 0.05, *p* \< 0.001, $\eta_{p}^{2} = 0.23,$ with participants recognizing pictures from trials in which they got "hit" feedback (*M* = 0.67, SE = 0.02) better than pictures from trials in which they got "miss" feedback (*M* = 0.60, SE = 0.02; see Figure [4](#F4){ref-type="fig"} for effect separately for younger and older adults)[^3^](#fn3){ref-type="fn"}.

![**Both younger and older adults were more likely to recognize pictures that were followed by positive feedback than those followed by negative feedback**.](fnins-05-00129-g004){#F4}

There also was an interaction of item valence and anticipation, *F*(2,166) = 4.00, MSE = 0.03, *p* = 0.02, $\eta_{p}^{2} = 0.05.$ Participants remembered positive items best in the reward-anticipation condition (*M* = 0.65, SE = 0.02), followed by the no-outcome condition (*M* = 0.63, SE = 0.02) then by the loss-anticipation condition (*M* = 0.59, SE = 0.02). For the negative items, anticipation type had less effect (*M*~reward~ = 0.64, SE = 0.02, *M*~none~ = 0.66, SE = 0.02, *M*~loss~ = 0.65, SE = 0.02).

Thus, both anticipation of whether there was a potential reward or loss and actually getting positive or negative-feedback influenced incidental memory for the response time target items, although the anticipation effect was modulated by whether the items were negative or positive. The feedback effect was particularly strong.

Lingering effects of positive outcomes
--------------------------------------

The analyses above revealed that getting positive feedback enhanced later memory for the item from that trial. In additional exploratory analyses, we compared the proportion of recognized pictures that had been seen on trials with positive feedback on the preceding trial versus the proportion of non-recognized pictures that had been seen on trials with positive feedback on the preceding trial. As shown in the middle two bars of Figure [5](#F5){ref-type="fig"}, recognized pictures were more likely to have been preceded by trials with positive feedback than were forgotten pictures. There was a similar effect for the *N* − 2 trials, as well. These effects were significant in exploratory *t*-tests, whereas anticipation on one trial did not have lingering effects on subsequent trials[^4^](#fn4){ref-type="fn"}.

![**The proportion of recognized pictures compared with forgotten pictures that had been preceded by trials two back (−2) that had positive feedback; the proportion with positive feedback on the preceding trial (−1) and the proportion with positive feedback on the same trial (0)**.](fnins-05-00129-g005){#F5}

To follow up on these observations and examine whether the outcome on a preceding trial affected memory for the target in the current trial above and beyond the effects of outcomes from other preceding trials or from the current trial, we used hierarchical linear model (HLM) analyses. In these analyses, we examined whether getting positive feedback on one trial would have lingering enhancing effects on memory for items seen on subsequent trials. For each old item we categorized: (1) whether it was recognized or forgotten on the recognition memory test; (2) feedback outcome on the current trial; (3) feedback outcome on the previous trial; and (4) feedback outcome on the trial two back from the current trial. As all values were 1 or 0, we specified Bernoulli model distributions for the two-level HLM analyses. The outcome variable was the recognition (or recall) outcome for each item, age group was a level-1 predictor, and feedback outcomes (items 2--4 above) were level-2 predictor variables. We included interactions of each level-2 predictor with age group in the model.

The analyses revealed that, even when controlling for the current trial outcome and the other preceding trial outcome, recognized items were more likely to have trials one and two back with positive feedback than were forgotten items (see Table [1](#T1){ref-type="table"} for statistics). Thus, positive feedback on one trial was associated with enhanced memory encoding for the unrelated target item on the next trial, and even on the next trial after that. While there was a significant age group effect on the intercept (consistent with the greater likelihood of calling pictures old seen among older adults), there were no other significant age group interactions.

###### 

**Hierarchical linear model (HLM) analysis beta coefficients (β), robust standard errors (SE), *t* ratios (*t*), degrees of freedom (df), and *p* values using the outcome on the current and preceding two trials to predict recognition (A) and recall (B) of the current trial's target picture**.

  Effect                                                              β        SE     *t*     df     *p* value
  ------------------------------------------------------------------- -------- ------ ------- ------ -----------
  **(A) ANALYSIS FOR CURRENT AND PRECEDING TRIALS FOR RECOGNITION**                                  
  Intercept                                                           0.65     0.01   45.85   82     \<0.001
  Intercept × age group                                               0.09     0.03   3.00    82     0.004
  Outcome on current trial                                            0.06     0.03   4.514   7903   \<0.001
  Current outcome × age                                               0.02     0.03   0.63    7903   0.53
  Outcome on current -- 1 trial                                       0.04     0.01   3.32    7903   \<0.001
  Current -- 1 outcome × age                                          0.03     0.02   1.07    7903   0.29
  Outcome on current -- 2 trial                                       0.02     0.01   2.01    7903   0.045
  Current -- 1 outcome × age                                          −0.02    0.02   −0.93   7903   0.35
  **(B) ANALYSIS FOR CURRENT AND PRECEDING TRIALS FOR RECALL**                                       
  Intercept                                                           0.11     0.01   16.36   82     \<0.001
  Intercept × age group                                               −0.01    0.01   −0.66   82     0.51
  Outcome on current trial                                            0.02     0.01   2.76    7903   0.006
  Current outcome × age                                               0.01     0.01   0.41    7903   0.68
  Outcome on current -- 1 trial                                       0.01     0.01   1.57    7903   0.12
  Current -- 1 outcome × age                                          −0.002   0.01   −0.14   7903   0.89
  Outcome on current -- 2 trial                                       0.005    0.01   0.59    7903   0.55
  Current -- 1 outcome × age                                          0.002    0.02   0.13    7903   0.90

We repeated the above analyses for recalled versus non-recalled items. Although the pattern was similar (Figure [6](#F6){ref-type="fig"}) to that seen in recognition memory, outcomes on the two preceding trials did not significantly affect picture recall (in part perhaps because small numbers of recalled items for some participants led to greater variability). However, as in the earlier analyses, there was a significant effect of the outcome on the current trial on later memory for that picture.

![**The proportion of recalled pictures compared with forgotten pictures that had been preceded by trials two back (−2) that had positive feedback; the proportion with positive feedback on the preceding trial (−1) and the proportion with positive feedback on the same trial (0)**.](fnins-05-00129-g006){#F6}

Picture ratings[^5^](#fn5){ref-type="fn"}
-----------------------------------------

Positive pictures were given higher valence ratings (*M* = 6.49, SE = 0.09) than negative pictures (*M* = 3.39, SE = 0.09), *F*(1,80) = 433.31, MSE = 2.34, *p* \< 0.001, $\eta_{p}^{\text{2}} = 0.84$. There were no significant effects of age group on the valence ratings. For the arousal ratings, there was not a significant main effect of picture valence, but there was an interaction of age group by valence category, *F*(1,81) = 7.72, MSE = 4.31, *p* = 0.007, $\eta_{p}^{\text{2}} = 0.09.$ Younger adults rated the negative pictures as more arousing (*M* = 4.06, SE = 0.25) than the positive pictures (*M* = 3.33, SE = 0.26), whereas the older adults rated the negative pictures as less arousing (*M* = 4.00, SE = 0.25) than the positive pictures (*M* = 4.31, SE = 0.26).

Discussion
==========

Effects of anticipation and outcomes on incidental learning
-----------------------------------------------------------

In this study, we examined the effects of reward and loss anticipation as well as the effects of positive and negative outcome feedback (reaction time "hit" versus "miss" feedback) on incidental memory for items shown as response time targets (Figure [1](#F1){ref-type="fig"}). We found that the most robust effects were from whether the feedback was positive or negative. In both the reward and loss-anticipation conditions, targets from positive-feedback trials were remembered better than targets from negative-feedback trials. This similar effect across reward and loss conditions was seen despite the fact that the positive feedback was associated with monetary reward in the reward condition and with a lack of a monetary loss in the loss condition. Thus, it seems that the outcome being positive relative to expectations is what matters, rather than the absolute amount of the reward. In addition, the enhancement in memory due to positive feedback was seen for both recall and recognition memory.

In recognition memory, anticipation type also influenced incidental memory, but only for the positively valenced items. The positive items were remembered best from reward-anticipation trials and worst from loss-anticipation trials. Thus, while anticipating a reward did enhance memory, its influence was not seen across all item types and did not show up in recall. In contrast, positive feedback was associated with better memory than negative-feedback nearly across the board, with the exception of recall of pictures from trials with no monetary outcomes (Figure [3](#F3){ref-type="fig"}). From these results, it seems that both anticipating and receiving positive outcomes modulates memory, but that reward delivery has a larger impact. Previous studies have not distinguished the effects of reward anticipation and delivery (Wittmann et al., [@B54], [@B53]) and so effects from those studies that have been interpreted as being due to reward anticipation may actually have been influenced by reward delivery.

In addition to having a strong effect on memory for items previously seen in that trial, positive feedback on one trial was associated with better later recognition of the targets in the subsequent trial and even in the trial after that (Figure [5](#F5){ref-type="fig"}). HLM analyses revealed that the significant relationship between the outcomes on the preceding trials and later memory for the target picture on the current trial held up even when the influence of the current trial outcome was factored out. These findings suggest that positive outcomes can enhance memory-encoding processes in the period after the positive event (in this case, for the next 20 s or so).

Effects of anticipation and outcomes were similar for younger and older adults
------------------------------------------------------------------------------

As reviewed above, our study revealed three main findings about how the reward/loss context affected incidental encoding. First, reward anticipation did not have much effect, but did enhance recognition memory for positive pictures compared with loss anticipation. Second, there were large effects of feedback outcome on both recognition and recall of the pictures. Third, feedback outcome was not only associated with memory enhancement of the picture seen just before on the same trial, but also with enhanced recognition of the pictures on the next trial or two. For all of these effects, older adults showed similar patterns of results and there were no significant age interactions. Our sample size provided good power to detect large effects (96% according to Cohen, [@B11]), therefore our results suggest there are not large age differences in how reward anticipation and outcome modulate memory. While previous research shows that older adults are impaired at learning associations between cues and rewards (Mell et al., [@B34], [@B35]; Eppinger et al., [@B14]; Eppinger and Kray, [@B15]), our findings are consistent with previous studies that found that manipulating the reward value of outcomes modulated memory for other information similarly in younger and older adults (Weiler et al., [@B51]; Eppinger et al., [@B14]).

How can the current findings be reconciled with age-related declines in dopamine?
---------------------------------------------------------------------------------

These results are especially intriguing when considered against the backdrop of age-related declines in dopamine-related systems in the brain. Consistent with the idea that receiving rewards may signal the presence of worthwhile information for learning, there is growing evidence that midbrain dopamine regions that respond to motivationally relevant information interact with the hippocampus to enhance memory for that information (Shohamy and Adcock, [@B46]). Research with animals reveals that dopamine facilitates encoding novel information and increases the persistence of memory for that information (Jay, [@B19]; O'Carroll et al., [@B39]; Rossato et al., [@B42]; Bethus et al., [@B5]). In the rat hippocampus, blocking dopamine (D1/D5) receptors prevented exposure to a novel environment from facilitating long-term potentiation (Li et al., [@B26]). Furthermore, in healthy people as well as in Alzheimer's disease patients, D2 receptor binding in the hippocampus is positively correlated with memory function (Kemppainen et al., [@B22]; Takahashi et al., [@B48]; MacDonald et al., [@B29]).

There is abundant research demonstrating age-related declines in various aspects of dopaminergic systems in the brain (Bäckman et al., [@B4]; Backman et al., [@B3]). These declines are seen in particular in the striatal regions (Suhara et al., [@B47]; Wang et al., [@B49]), for instance, striatal dopamine levels decrease by more than threefold from those in their 30s to those in their late 80s (Haycock et al., [@B17]).

However, the behavioral consequences of age-related declines in dopamine systems are not yet well understood. One challenge is that dopamine synthesis is affected differentially by age in different brain regions. For instance, in a study in which uptake of [l]{.smallcaps}-DOPA decreased 4.2% per decade in the putamen and 5.4% in the caudate nucleus, no age-related differences were found in the midbrain (Ota et al., [@B40]). However, larger declines were found in prefrontal, parietal, and medial temporal cortices, with as high as 16.4% decline per decade seen in the dorsolateral prefrontal cortex (Ota et al., [@B40]). D2 and D3 receptor subtypes also decline at different rates in different brain regions (Kaasinen et al., [@B21], [@B20]). In addition to these regional differences in age-related decline in dopamine, there are also differences in how the various components of the dopaminergic brain systems are affected by age. For instance, a study that compared levels of six different presynaptic dopaminergic markers in postmortem striatum in people aged 1 day to 103 years old found that striatal dopamine levels decreased during adult aging but that the proteins involved in its biosynthesis and compartmentation were relatively preserved (Haycock et al., [@B17]).

While our study provides no direct evidence about dopaminergic processing, one candidate mechanism for the reward-related memory modulations shown by our participants are fluctuations in dopamine elicited by reward anticipation and outcomes that modulate hippocampal encoding. With this mechanism, for older adults to show effective reward-related modulation of memory encoding, they would need to have: (A) modulations in phasic dopamine activity during reward anticipation or outcomes and (B) maintained effectiveness of dopamine to modulate new memory encoding.

There is little direct evidence yet in the literature to indicate whether older adults do or do not have these necessary preconditions. However, some functional neuroimaging studies have examined brain activity in the striatum, a target region for midbrain dopaminergic neurons (Lyndbalta and Haber, [@B28]). Such studies have found that older adults show robust responses in ventral and/or dorsal striatum to positive outcomes (Schott et al., [@B45]; Cox et al., [@B12]; Mell et al., [@B35]; Samanez-Larkin et al., [@B44]). Results from studies examining reward anticipation are more mixed, with older adults showing less ventral striatal activation than younger adults in some cases (Schott et al., [@B45]; Dreher et al., [@B13]) but not in all studies (Samanez-Larkin et al., [@B43]). There are also age differences in whether stronger responses to outcomes are seen early or late in the learning phase of a probabilistic learning task (Mell et al., [@B35]). Thus, although there may be age differences in the conditions or types of stimuli that evoke striatal activation, evidence suggests there is some degree of intact functional signaling of reward in dopaminergic pathways among older adults.

In terms of the second precondition -- dopamine modulated memory encoding -- a recent study found that older participants showed reliable memory impairments/enhancements from a D2 antagonist/agonist manipulation whereas younger adults did not show significant memory modulation from the D2 manipulation (Morcom et al., [@B37]). In addition, administration of levadopa improved older adults' encoding of a motor memory more than it did for younger adults (who were already at a high level; Floel et al., [@B16]). Thus, there is evidence that dopaminergic agents modulate memory-encoding processes for older adults.

In summary, previous evidence indicates that older adults show robust responses to reward outcomes and also show robust dopaminergic modulation of memory encoding. These findings suggesting intact aspects of reward processing and dopamine function may help explain our behavioral findings that reward processing can modulate incidental memory encoding as effectively for older adults as for younger adults.

Future directions
-----------------

Future research should explore the neural mechanisms underlying these effects, as well as further delineating the nature of the behavioral effects. For instance, are the effects driven more by positive outcomes enhancing memory or by negative outcomes impairing memory? Do outcomes modulate memory more or less for representations that are initially weak? In our study, encoding was incidental; would an intentional memory encoding task also yield significant modulation by outcomes? Addressing such issues would further clarify the specific mechanisms of this outcome-modulated memory effect.

Conclusion
==========

This study revealed strong associations between outcomes on each trial and incidental memory for the target on that trial, as well as for incidental memory for the next target. This relationship between outcomes and memory was not dependent on response time performance and so suggests that receiving a good outcome creates a brief window of enhanced memory encoding. This association between good outcomes and memory was as strong for older adults as it was for younger adults, suggesting that the ability of reward processing to modulate memory remains robust in older age.
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^1^To examine whether the feedback outcome effect could be accounted for by response time differences for trials receiving positive feedback versus negative feedback, we compared the effect of outcome on both slow and fast response times. For each participant, we computed the median response time separately for each type of anticipation (reward, none, loss). We then categorized each old item as having had a response during the MID task that was above or below the median response time in its anticipation type category and computed the proportion of slow and fast-response items were recalled. A 2 (response time: slow, fast) × 2 (MID task outcome: hit, miss) × 2 (age group: younger, older) ANOVA confirmed the main effect of task outcome seen in the other analysis, *F*(1,83) = 6.64, MSE = 0.005, *p* = 0.01, $\eta_{p}^{2} = 0.07$ and revealed no interaction of task outcome and response time (*p* \> 0.9) and no other significant effects. *Post hoc* *t*-tests showed that the enhancement for items followed by positive outcomes was independently significant for items from fast response trials (*M* hit = 0.12, SE = 0.01; *M* miss = 0.10, SE = 0.01), *t*(84) = 2.18, *p* = 0.03, and marginally significant for items from slow response trials (*M* hit = 0.11, SE = 0.01; *M* miss = 0.09, SE = 0.01), *t*(84) = 1.83, *p* = 0.07. Thus, the effect of feedback was similar across performance levels.

^2^In terms of the raw hits (proportion of old items called old), older adults had significantly more (M = 0.69, SE = 0.02) than younger adults (*M* = 0.61, SE = 0.02), *F*(1,83) = 9.02, MSE = 0.04, *p* = 0.004, $\eta_{p}^{2} = 0.10.$ Consistent with their more lenient criterion to call pictures old, older adults also had more false alarms (*M* = 0.13, SE = 0.02) than younger adults (*M* = 0.09, SE = 0.02), *F*(1,83) = 3.68, MSE = 0.02, *p* = 0.058, $\eta_{p}^{2} = 0.04.$

^3^As done with the recalled items (see footnote 1), we categorized each old item on the recognition test by whether it had been responded to faster or slower than the median response for items in the same type of trial (reward, none, or loss anticipation). A 2 (response time: slow, fast) × 2 (MID task outcome: hit, miss) × 2 (age group: younger, older) ANOVA revealed that, as in the previous analyses, participants were more likely to recognize items from trials with positive feedback (*M* = 0.67, SE = 0.02) than from trials with negative feedback (*M* = 0.61, SE = 0.02), *F*(1,84) = 12.91, MSE = 0.02, *p* = 0.001, $\eta_{p}^{2} = 0.13.$ Other than a significant main effect of age as in the main analysis, there were no significant effects (*p* \> 0.6 for the interaction of outcome and response time). In addition, *t*-tests revealed that the effects of feedback were significant for both the slow (*M* hit = 0.66, SE = 0.02; *M* miss = 0.60, SE = 0.02), *t*(84) = 3.38, *p* = 0.001, and the fast responses (*M* hit = 0.68, SE = 0.02, *M* miss = 0.63, SE = 0.02), *t*(84) = 2.19, *p* = 0.03. Thus, feedback outcomes influenced whether the target would later be remembered both when response time performance was good and when it was poor.

^4^We also did not find any significant relationships between subsequent memory for the target on trial *N* by reward anticipation type or feedback type on trial *N* + 1 or *N* + 2.

^5^Due to time constraints, three participants did not complete the post-experiment valence ratings of pictures. Of these, two did not complete the arousal ratings either.
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